SUMMARY. We studied isolated ring segments from a number of sites along the course of epicardial coronary arteries from 24 human hearts in order to characterize regional responsiveness to vasoactive agents. Concentration-response curves revealed heightened sensitivity to histamine in the proximal portion of the coronary arteries, and increased sensitivity to carbachol in the distal portion of these same vessels. In contrast, the response to stimulation by calcium or phenylephrine was uniform throughout the length of the vessels examined. These data suggest that regional variations in agonist response reflect heterogeneity in receptor populations along the course of the human epicardial coronary artery. (Circ Res 55: 416-421, 1984) 
SUMMARY. We studied isolated ring segments from a number of sites along the course of epicardial coronary arteries from 24 human hearts in order to characterize regional responsiveness to vasoactive agents. Concentration-response curves revealed heightened sensitivity to histamine in the proximal portion of the coronary arteries, and increased sensitivity to carbachol in the distal portion of these same vessels. In contrast, the response to stimulation by calcium or phenylephrine was uniform throughout the length of the vessels examined. These data suggest that regional variations in agonist response reflect heterogeneity in receptor populations along the course of the human epicardial coronary artery. (Circ Res 55: 416-421, 1984) ANIMAL studies have demonstrated that a heterogeneous response to a vasoactive agent may occur over the length of a blood vessel (Altura and Altura, 1970; Hellegouarch et al., 1982; Bristow et al., 1981) . As applied to the human epicardial coronary artery, regional heterogeneity in pharmacological response could be involved in the regulation of coronary blood flow, or in the development of vasospastic syndromes.
Although a-, /3-, histaminic, and muscarinic receptors have been suggested, based upon physiological responses in the human epicardial coronary artery (Barbour, 1912; Cruikshank and Rau, 1927; Kountz, 1932; Smith et al., 1951; Andersson et al., 1972; Ginsburg et al., 1984) , the regional and relative distributions of these have not been previously investigated. In this study, we employ classical pharmacological techniques to characterize the response to vasoactive agents of segments of arteries taken along the entire length of the human epicardial coronary artery. The data indicate that pharmacological responses to histamine and carbachol vary along the course of the coronary artery, and permit speculation on a receptor mechanism to explain the observations.
Methods

Patient Characteristics
Recipient hearts from 24 cardiac transplantation patients were used in this study. Fifteen of the patients were male. Ages ranged from 14 to 51 years (mean + SEM = 32 ± 2). Twenty-three of the patients were functionally New York Heart Association (NYHA) class IV with end-stage idiopathic congestive cardiomyopathies. One heart was a normally functioning donor heart which could not be used for transplantation because the recipient developed medical complications after the donor heart had been procured. Medications prior to transplantation included digoxin, furosemide, hydralazine, nitrates, quinidine, and procainamide. No patient was receiving antihistaminic, antiadrenergic or anticholingeric agents within the 2 weeks prior to surgery.
Patients used in this study were screened for the prior existence of coronary artery disease by history, or by examination of coronary arteriograms performed prior to transplantation. Coronary arteries were used for study only if there were no hemodynamically significant atherosclerotic lesions (<50% stenosis) present on arteriogram.
After completion of the tissue bath experiments, all of the ring segments were placed in 10% formalin, and prepared for histological examination. Each segment studied in the tissue bath was examined and ranked according to degree and extent of atherosclerosis. The morphological characteristics used for scoring were: (1) degree of occlusion, (2) degree of internal elastic lamina fragmentation, (3) amount and distribution of calcium, and (4) degree of intimal proliferation. Each category was given a score on a scale from 0 to 3, with 0 being normal and 3 being severely diseased. A total coronary artery score was generated for each segment, and this value was a mean of the four morphological characteristics. Only entire coronary artery vessels with a score <2.0 correlating to <50% luminal narrowing on arteriography were used in the final analysis (Ginsburg et al., 1984) .
Tissue Bath Studies
Upon excision and removal, the hearts were immediately placed in ice-cold oxygenated physiological salt so-lution, and the left anterior descending (LAD) and right coronary arteries (RCA) were dissected free. In several of the hearts, all portions of the vessel could not be harvested, either because of variations in anatomic size (right vs. left dominant system), or severe pericardial adhesions from previous cardiac surgery. Each coronary artery was cleaned of all adherent fat and loose connective tissue and then sectioned into 12 sequential ring segments, each of which was 5 mm long. Segments were obtained, beginning in the most proximal portion of the vessel, and then continuing distally until all 12 were prepared. Segments involving branch points were discarded. Two hundred thirty-five LAD and 223 RCA segments were used in this study. Attention and care were given to maintaining and not disrupting the integrity of the endothelium. The time from cardiectomy to placement in the muscle bath was less than 35 minutes. Tissue not used immediately was stored at 4°C in oxygenated physiological salt solution.
The coronary ring segments were placed in a 12-chamber tissue bath. Each individual bath was 100 ml in volume and was maintained at 36°C. Ring segments were mounted between two metal pins (0.018-inch) and attached to a Statham (UC-3) force-displacement transducer. Normal physiological salt solution (modified Tyrode's) consisted of the following composition in ITIM: NaCl, 118; KC1, 4; MgSO 4 , 1.2; CaCl 2 , 2; dextrose, 5; NaHCO 3 , 24; NaH 2 PO 4 , 1.2. The ionized calcium concentration as measured by ion-specific electrode was 1.26 mM. The pH was kept between 7.40 and 7.45, and each bath was aerated with 95% O 2 , 5% CO 2 . Calcium-free solution was similarly composed, except for the omission of calcium and the addition of 0.5 mM EGTA. In this solution, no Ca ++ was detected by an ion-specific electrode (AMT Clin-Ion, Applied Medical Technology). The ring segments were equilibrated in the control physiological salt solution for 60-90 minutes. Resting tension was adjusted to 1 g, as previous studies in our laboratory have determined that this is the optimal tension to obtain a maximal contractile response for all segments in all locations. Recordings were made on a physiological recorder with lightsensitive paper.
Pharmacological Techniques
All drugs were added to the bath in a cumulative fashion, using 0.3 or 0.5 log unit increments. Full log concentration-response curves to each agonist were performed in each coronary ring segment. A full concentration-response curve was determined by demonstrating a maximal response, which was defined as no further increase in contraction with subsequent administration of a higher dose of agonist. Normalized-to-calcium concentration-response curves were then constructed on a percent of maximum basis, with 0% equaling resting tension and 100% equaling maximal response. The EC 50 was defined as the concentration of agonist at which 50% of the maximal response was obtained. Total developed force was recorded as the absolute developed force minus the baseline.
Preliminary studies demonstrated reproducibility of response for at least 10 hours, much longer than the time needed to complete these specific studies. The drugs were administered in different order for each heart studied, and this minimized the possibility that time in the organ bath was a factor when the tissue was exposed to an agonist, or that previous exposure to another agonist interfered with the subsequent pharmacological response of the agonist. For histamine, the effects of cimetidine, an H 2 receptor-blocking agent that prevents any receptor-activated smooth muscle relaxation (Ginsburg et al., 1980a) , was initially evaluated in six hearts. Cimetidine at 3 x 10" 5 M had no effect on the histamine dose-response curve for muscle contraction, and was not routinely used in subsequent experiments. Calcium concentration-response curves were generated by the cumulative addition of calcium to 40 mM potassium-depolarized segments, and the ionized calcium concentration was determined with the ion-specific electrode at each measurement taken.
Evidence that each agonist employed was operating through its own specific receptor mechanisms was determined by the following: the contractile response to 10~5 M carbachol was blocked by 10" 7 M atropine, but not by 10~8 M prazosin or 10~7M pyrrobutamine; the response to 10" 5 M histamine was blocked by 10~7 M of the H, antagonist, pyrrobutamine (Ginsburg et al., 1980a) , but not by 10~7 M atropine or 10" 8 M prazosin; and the response to 10" 6 M phenylephrine was blocked by 10~8 M prazosin but not by 10~7 M atropine or 10" 7 M pyrrobutamine.
Endothelial Integrity
Once dissected free, there was minimal manipulation of the coronary segments to limit potential disruption of the endothelial surface. Post-study light microscopy was performed in all segments to demonstrate the presence or absence of endothelial cells, and only those segments with at least some cells present were used. Additionally, in two hearts proximal and distal segments were precontracted with 10" 5 M serotonin and then exposed to 10" 7 M A23187 to induce relaxation. A23187 is a calcium ionophore known to produce an endothelial relaxant factor (Furchgott, 1983 ) and, therefore, was used to determine pharmacological integrity of the endothelium.
Drugs Used
The following drugs were used in this study: histamine dihydrochloride, phenylephrine, 5-hydroxytryptamine, atropine, and calcium chloride (all from Sigma Chemical Company). The a\-antagonist, prazosin (Pfizer Laboratories), and the Hi antagonist, pyrrobutamine (Smith, Kline and French Research Limited) , were also used. The calcium ionophore A23187 was used and diluted in DMSO. Ionized calcium was measured by an ion-specific electrode (AMT Clin-Ion, Applied Medical Technology). All drugs were prepared fresh just prior to each experiment.
Statistics
For statistical analysis, the vessels were divided into three equal length segments (proximal, mid, and distal portions), each containing four consecutive ring segments. An attempt to subdivide the vessel according to coronary arteriographic criteria was made, but individual anatomic variations and technical difficulty during dissection precluded precise correlations. Therefore, the divisions only approximate conventional angiographic divisions. All points on the concentration-response curves, as well as the histograms, represented maximal responses and were analyzed by the binomial sign test. A P < 0.05 was considered as significant.
Results
The concentration-response curves to histamine, carbachol, phenylephrine, and calcium in the LAD are presented in Figures 1-4 . Construction of the concentration-response curves for each receptormediated agonist was based on the percent contractile response as normalized to the maximum calcium response at each agonist concentration.
FIGURE 2. Concentration-response curve to carbachol in proximal and distal portions of LAD normalized to calcium (±SEM) (P < 0.05).
In Figures 1-4 , the concentration-response curve of histamine, carbachol, and phenylephrine normalized to the maximal calcium response is given. In Figure 1 , the EC 5 o to histamine in the proximal segments is 9.2 ± 1.3 X 10" 6 M, and in the distal segments is 8.1 ± 0.9 X 10" 5 M (P < 0.05). In Figure  2 , the EC 2 o for carbachol in the proximal segments is 2.8 ± 0.8 X 10~6 M, and in the distal segments is 1.3 ± 0.9 X 10" 5 M (P < 0.05). The EC 50 's of the proximal and distal segments to phenylephrine and calcium were similar, as shown in Figures 3 and 4 . Figures 5 and 6 give the maximal grams of developed force in bar graph format for the LAD and RCA in response to phenylephrine, histamine, carbachol, and calcium. The maximal grams of developed force for the mid-portion of the coronary artery was not statistically different from proximal or distal sections, probably due to anatomic overlap when the vessels were dissected free. Significant differ- 
FIGURE 4. Concentration-response curve to calcium in proximal and distal portions of LAD (±SEM) (P = NS).
ences, as determined by the binomial sign test, in proximal vs. distal regional responsiveness were found in both the LAD and RCA for histamine and carbachol.
Light microscopy demonstrated the presence of endothelial cells in the coronary segments used. In <20% of these segments, endothelial integrity was interrupted with some dropout of cells on the intimal surface. However, in segments precontracted with serotonin, exposure to A23187 resulted in relaxation. The percent relaxation of the precontracted strips was similar (20% relaxation) in both the proximal and distal segments, despite a heterogeneous contractile response to both carbachol and histamine.
Discussion
Regional variations in reactivity of the human epicardial coronary artery to vasoactive agents have recently been demonstrated in angiographic studies of patients with coronary artery spasm (MacAlpin, 419 1980) . Focal segments of the vessel appear to be supersensitive in their contractile response to agents such as ergonovine (Schroeder et al., 1977) , histamine Shimakawa et al., 1983 ), a-adrenergic agonists (Yasue et al., 1976) , and methacholine (Endo et al., 1976) . The pathopharmacological mechanisms responsible for this altered reactivity are unknown. In this investigation, we studied the in vitro human epicardial coronary artery in its entirety in an attempt to clarify mechanisms that might be potentially responsible for focal alterations in vascular reactivity. Furchgott and Zawadzki (1980) observed that removal of the endothelium from the isolated blood vessel of the rabbit abolished the relaxation induced by acetylcholine. Thus the functional integrity of the endothelium may be essential for the maintenance of normal vascular reactivity. In this study, we used ring segments to minimize any potential trauma to the intima when mounting in the organ bath. Poststudy histology of the segments by light microscopy revealed minimal disruption of intimal integrity. Segments precontracted to serotonin relaxed in the presence of the calcium ionophore A23187, demonstrating that functional endothelial integrity was also present (Furchgott, 19 83) . There was no difference in response to A23187 in the proximal and distal segments, suggesting that the heterogeneous response was not due to differences in regional functional endothelial integrity. The net response of the coronary segments to carbachol was contraction. It is possible that the contractile response to carbachol obscured any vasodilatory effect, in that the response to A23187 indicated that endothelial factors necessary to mediate cholinergic vasodilation were present. Alternatively, it is possible that the human coronary artery response to cholinergic stimulation is unique, and only a contractile effect is present. Somlyo et al. (1965) reported greater sensitivity to vasopressors in distal compared to proximal sections of dog aorta. In rabbit aorta, Altura and Altura (1970) demonstrated a progressive decrease in response to serotonin, angiotension, and acetylcholine along the length of the vessel. They suggested that this altered regional response was related to the absolute numbers of receptors present, rather than to differences in total numbers of smooth muscle cells present. In contrast, these authors also demonstrated a progressive increase in histamine responsiveness down the aorta. We have reported that the regional differences in histamine responsiveness in rabbit aorta correlates with the relative densities of Hi receptors in the thoracic and abdominal regions .
The regional variations in response to histamine and carbachol were statistically significant in the LAD and RCA. The response to phenylephrine, another vasoactive agent operating through a receptor mechanism, was uniform along the course of the vessel; there was no evidence of differences in concentration-response curve position or in maximal grams tension generated in any vessel examined. This is similar to the situation in rabbit aorta, where phenylephrine concentration-response curves and a!-receptor density do not vary along the course of the vessel . Our data indicate that the response to calcium is uniform over the entire length of the coronary vessels. This observation is important to clarify further the mechanisms responsible for the regional responses to histamine and carbachol. The uniform contractile response to calcium, an agonist which stimulates contraction beyond the level of membrane-bound receptors, suggests that smooth muscle cell number or mass is not the cause of the heterogeneous response to receptor-coupled agonists. Rather, the data are consistent with regional differences in receptor-mediated responses for each specific agonist (Bristow etal., 1981) .
In the human epicardial coronary artery, the contractile response to histamine is mediated by the Hi receptor subtype (Ginsburg et al., 1980a) . In this study, we have shown that the contractile response to histamine is decremental along the course of the right coronary artery and left anterior descending coronary artery. Assuming that tissue uptake and/ or metabolism of histamine remained constant along the length of the artery, this decrease in the sensitivity to histamine along the course of the vessel could reflect a proximal-to-distal decrease in histamine receptors . However, since histamine receptors were not directly measured, the specific site in the receptor-response pathway that is responsible for the differences in sensitivity could theoretically be anywhere from the receptor to the final mechanism mediating an increase in calcium concentration at the myofilaments. If the decrease in histamine response in the distal human coronary artery is due to a specific decrease in Hi receptors, then there appears to be no or only limited numbers of "spare" Hi histamine receptors in the human coronary artery. That is, maximum contractile force declines along the course of the tissue to approximately the same extent as the decrease in sensitivity.
In contrast to histamine, the muscarinic agonist carbachol produced a progressive increase in sensitivity along the length of the human coronary artery. The milligrams of developed force generated also exhibited a similar pattern, again suggesting a direct relationship (no spare receptors) between receptor stimulation and contractile response for the muscarinic receptor.
In summary, this investigation adds the human epicardial coronary artery to the dog and rabbit aorta, rabbit vena cava, and rabbit saphenous artery as single vascular structures that exhibit pharmacological heterogeneity. The precise biological purpose for these variations in receptor pattern is unknown, but may relate to regulation of blood flow. The clinical significance of this pharmacological heterogeneity to vasoactive agents is also unknown, but regional alterations in receptor populations might potentially be involved in the pathogenesis of altered vasoreactivity.
